have been used extensively for the detection of various disease associated proteins. Among them, the electrochemical immunosensors have been a preferable approach for clinical and environmental immunoassays, 10 due to its high sensitivity and miniaturization. In order to further increase the detection sensitivity, the electrochemical labels need to be used and its amount should be increased. Various nanomaterials such as magnetic nanoparticles, 11 multiwall carbon nanotubes (MWCNTs), 12 silica nanoparticles, 13 carbon spheres, 14 gold nanoparticles (AuNPs), 15 dendrimer, 16 magnetic beads, 17, 18 etc. have been used as nanocarriers for loading more amount of labels. In most cases, nanomaterialsupported enzymes were used as labels. Although, AuNPssupported multiple methylene blue molecules (MB) was used as an amplification probe for the impedimetric detection of thrombin (TB) in a [Fe(CN) 6 ] 3−/4− solution, 19 however, the use of nanomaterials-supported and antibodyconjugated MB molecules as an non-enzymatic redox label has not yet been explored in an electrochemical immunosensor.
In the present study, AuNPs-supported anti-hIgG conjugated MB (anti-hIgG/AuNPs/MB) redox label has been prepared for the development of a highly sensitive electrochemical hIgG immunosensor. The AuNPs were used to increase the amount of MB molecules in the bioconjugates. The novelty of this work is to utilize the synergistic effect of nanomaterials-supported MB molecules and the multiwall carbon nanotubes (MWCNTs) as the non-enzymatic electrochemical label and sensor probe, respectively. For the fabrication of the immunosensor probe, hIgG has been immobilized on the chitosan (CS)-coated multiwall carbon nanotubes (MWCNTs) using covalent cross-linking method. The reasons of using CS and MWCNTs are to prepare a conductive biocompatible probe that has sufficient ability for immobilizing large amounts of biomolecules. Figure 1 shows the schematic illustration of the immunosensor probe. After the immune-interaction of the anti-hIgG/AuNPs/MB redox label with the probe (Au/MWCNTs/CS/hIgG), the MB reduction peak was monitored for the quantitative evaluation of the hIgG concentration in phosphate buffer and human serum sample solutions.
The fabrication of the immunosensor probe was characterized using the scanning electron microscopy (SEM), electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) techniques. . The charge transfer resistances (R ct ) were determined from the diameters of the semicircular parts in the high frequency regions of the Nyquist plot. The bare Au electrode exhibited almost a straight line, which is characteristic of a diffusion controlled electron transfer process. The R ct value of Au/CS electrode was about ~3000, which The immunosensor probe after binding with the redox label only gave a pair of redox peaks at the formal potential of about −0.28 V, corresponding to the electron transfer (ET) of the MB labels, which were bonded to the immunosensor probe. The redox peak currents were directly proportional to the scan rate between 0.05 and 0.5 V/s. The peak current vs. scan rate plot was linear (inset of the Figure 2(C) ), indicating that the redox reaction of MB was involved in a surfaceconfined process. These results clearly indicate that the ET process of hIgG/AuNPs/MB redox label can be occurred at the immunosensor probe.
The anti-hIgG/AuNPs/MB redox label was characterized using the transmission electron microscopy (TEM) and ultraviolet visible (UV-vis) techniques. Figure 3(A) shows the TEM image of the anti-hIgG/AuNPs/MB redox label, whereas the TEM image of the bare AuNPs is shown in the inset of the Figure 3(A) . The sizes of the AuNPs were 4-5 nm, which were separately distributed without any aggregation due to citrate-stabilized negatively charged surface.
However, after the conjugation with anti-hIgG and MB, the sizes of the AuNPs increased and they were aggregated because of charge neutralization 20 of the positive charges of MB and anti-hIgG and the negative charge of AuNPs. The increased size and aggregation tendency indicates that antihIgG and MB conjugated with the AuNPs and formed antihIgG/AuNPs/MB redox label. Figure 3 The hIgG detection was based on the competitive displacement of the anti-hIgG/AuNPs/MB redox label by the addition of free hIgG. Figure 4(A) shows the SWVs recorded for the immunosensor before (a) and after (b) the displacement reaction. In the presence of the free hIgG, some of the anti-hIgG/AuNPs/MB redox label displaced from the probe surface and interacted with the free hIgG in solution due to the more favorable immunobinding environment. Thus, the amount of MB reduced at the immunosensor surface and the current response decreased. The difference in current responses (ΔI) before and after displacement of redox label was taken as the quantitative measure of free hIgG detection. In order to maximize the immunosensor response (ΔI), the experimental conditions such as the pH of the binding medium, the amount of immobilized hIgG on the probe, and the immune-interaction time were optimized. The pH was varied between 5.0 and 9.0 and is shown in Figure 4(B) . The ΔI response gradually increased from pH 5.0 to 7.4 and then rapidly decreased over pH 8.0. The decrease of the ΔI responses over pH 8 might be due to the weak immunointeraction at higher pHs. The maximum response was observed at the pH of 7.4 and it was chosen as the optimum pH value for this immunosensor. The effect of hIgG concentration during the preparation of the sensor probe was also optimized. The ΔI responses gradually increased from 0.1 to 1 ng/mL hIgG concentration and over 1 ng/mL hIgG, the ΔI responses decreased slightly (Figure 4(C) ). The slight decrease of the ΔI responses may be due to surface saturation occurred at higher concentration of hIgG. Thus, 1 ng/mL hIgG was used to construct the immunosensor. The effect of anti-hIgG antibody and hIgG antigen interaction time, i.e., the interaction time between the bioconjugate and the probe hIgG, was also optimized. The ΔI response gradually increased from 2 to 40 minutes (Figure 4(D) ). Over 40 min of interaction time ΔI response did not significantly change. The maximum response was found at 40 min. Thus, 40 min was considered as the optimum interaction time for the bioconjugate and probe binding.
Under the optimized condition, the current responses were measured by varying the free hIgG concentration ( Figure  5(A) ). The current responses showed a linear inverse relation with the free hIgG concentration. The calibration plot was constructed by plotting the ΔI responses against the logarithmic concentration of free hIgG ( Figure 5(B) ). The immunosensor exhibited a wide linear range between 10 fg/mL and 20 ng/mL, with a correlation coefficient of 0.98292. The reproducibility expressed in terms of the relative standard deviation (RSD) was about 3.18% (n = 5) at the concentration of 10 pg/mL. The detection limit of the proposed hIgG immunosensor was determined to be 4.0 fg/mL at S/N = 3, which is lower than that of other reported values.
2,3 The addition of other proteins such as PSA, CEA, HRP, and TB did not change the current response significantly, indicating that the immunosensor was very specific to hIgG. For evaluating the practical application of the proposed immunosensor, it was applied to hIgG spiked real human serum samples for the detection of hIgG. Excellent recoveries in the range between 97% and 102% were obtained, revealing that the proposed immunosensor can be effectively used in real biological samples.
In conclusion, the proposed anti-hIgG/AuNPs/MB redox label-based electrochemical hIgG immunosensor is highly sensitive, selective, and applicable in real biological samples. It could be a valuable tool for biomarker detection in the field of clinical diagnostics.
Experimental
Reagents and Apparatus. Chitosan (F.W. 340 g), methylene blue (MB), human immunoglobulin G (hIgG) antigen, monoclonal anti-human immunoglobulin G (anti-hIgG) (produced in mouse), prostate specific antigen (PSA), horseradish peroxidase (HRP), carcinoembryonic antigen (CEA), human α-Thrombin (TB), and gold nanoparticles (AuNPs, 4-5 nm in diameter) were purchased from sigma Co. (USA). The multiwall carbon nanotubes (MWCNTs) were obtained from JEIO Co. Korea and purified and shortened according to our previous report. 12 All other chemicals were of extra pure analytical grade and used without further purification. PBS was prepared by mixing Na 2 HPO 4 and NaH 2 PO 4 with appropriate amount and pH 7.4 was adjusted with a pH meter.
The EIS and SWV experiments were performed using CHI 660 (CH Instruments Inc. USA) and ZAHNER ZENNIUM instrument (Serial no. 40282, Germany) electrochemical work stations, respectively. In SWV, the potential was scanned from +0.3 to −0.5 V with 5 mV pulse height, 50 mV amplitude, and 20 Hz frequency. SWV experiments were performed in an oxygen free PBS buffer solution (pH 7.4) with constant purging of N 2 gas. The SEM and TEM images were obtained using scanning electron microscope (Model JSM-7000F JEOL, Japan) and high resolution transmission electron microscope (Model JEM-2100, JEOL, Japan), respectively. UV-vis experiments were carried out with a UV-vis spectrophotometer (model UV-1800, Shimadzu, Japan).
Preparation of the Au/MWCNTs/CS/hIgG ImmunoSensor Probe. The immunosensor probe was fabricated by sequentially dropping a 3 μL of purified and shortened MWCNTs and 10 μL of CS (7.5 mg/mL CS in the mixture of 1% HCl and Tris (NH 2 C(CH 2 OH) 3 ·HCl) buffer, pH 6) solutions on a polished Au electrode. After drying, the Au/ MWCNTs/CS modified electrodes were dipped into a glutaraldehyde solution (25%) for 12 h followed by incubated in a PBS solution containing 1 ng/mL hIgG (pH 7.4) for 12 h. By these steps, hIgG were covalently immobilized on the CS film of Au/MWCNTs/CS modified electrode through the glutaraldehyde cross-linking. The modified electrode was carefully rinsed with a PBS solution (pH 7.4) for removing any unbound free hIgG and was blocked with a 0.1% BSA solution for 1 h. 
Notes
Preparation of the anti-hIgG/AuNPs/MB Redox Label. The anti-hIgG/AuNPs/MB redox label was prepared by incubating the AuNPs in the PBS solutions of MB (0.1 mM) and anti-hIgG (1000 times diluted) for 12 h at 4 o C. The resulting conjugate solution was centrifuged. After discarding the supernatant, the conjugate was carefully washed with PBS (pH 7.4) for three times in order to remove unbound anti-hIgG, MB, and AuNPs. The anti-hIgG and MB were attached on the surface of AuNPs through the charge interaction between the positive charges of MB and anti-hIgG and the negative charge of AuNPs. Finally the anti-hIgG/ AuNPs/MB redox label was blocked by using a 0.1% BSA solution for 1 h and was used in the subsequent experiments.
